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APPENDIX E 

WATER PATHWAY FACTORS 

! 
1 

I 

I 

1 1  
I 

i 

I 
I 

I 
1 1  

1 

I 

Water pathway factors are components o f  the envlronmental transport factors for 

water-dependent mgestion pathways A waterdependent mgestion pathway can be divided 

mto two segments (1) a water pathway segment that extends from the contaminated zone 

to a pomt where transport through the food cham begms (a well or  surface water body) and 

(2) a food cham pathway segment that extends from the point of entry o f  a radionuclide from 

water into the food chain to a pomt of human exposure Transport through the water 

pathway segment 1s charactenzed by a water/soil concentration ratio, which is defined as the 

ratio of the concentration of the pnnapal radionuclide (either parent o r  progeny) in water 

used for dnnlung, irngation, or livestock water to the initial parent radionuclide con- 

centration KI the contammated zone Transport through the food chain pathway segment is 

charactenzed by a water exposure factor, which i s  defined as the ratio o f  the quantity of a 

rahonuclide mgested annually to the concentration m water used for dnnkmg, imgation, or 

hvestock water The envlronmental transport factor for the waterdependent rngestion 

pathway can be expressed as a product of a water exposure factor and a waterlsoil 

concentration ratio 

where 

= E , w  (t)/S,(O) = enwonmental transport factor at time t for 

the& pnncipal radonuchde transported through the pqrth 

mgestion pathway (g/yr) - E,,,, ( t )  is the rate of mgestion 

(pcdyr) at tarnet of the /th pnncipal ra&onuchde 

transported through the pqrth pathway from the contami- 

nated zone to a pornt of human exposure, and S,(O) is the 

uutial concentration (pCdg) of  the zth pnncipal radionuclide 

m the contammated zone, 

r j  = subscnpt mdex of a vanable whose quantity is assigned to 

the pnncipal radionuclide as the result of the decay of the 



196 

pnncipal radionuclide L, which initially exists in the 

contammated zone 

p ,  q, r = pathway mdxes - the mdicesp and q identify the food 

cham segment of the pathway (see Table 2 1 and Equa- 

tion D l), and the mdex r identfies the water pathway 

segment, that IS, the segment from the contammated zone 

to well water (r = 1) or surface water (r = Z), 

= E,,(t)/ W J t )  = water exposure factor at  tune t for thefih 

pnncipal radlonuchde transported through the pqrth 

pathway from the pornt of water use to the pornt of exposure 

(JJyr) - Eu,pqr(t) IS the rate of mgestion (pCr/yr) a t  time t of 

thefih p ~ a p a l  rackonuchde transported through the pqrth 

pathway, and W J t )  IS the concentration rn water ( p C f i )  at 

time t of t h e j t h  pnncipal radionuchde transported through 

the rth water pathway segment at the pornt of entry mto the 

pqth food cham, and 

WSRJt )  = WJt>/S,<O> = water/soll concentration ratio at tune t for the 

rth water pathway segment (g/L) - W J t )  is the concentra- 

tion in water (pCfi)  at time t o f  the j t h  pnnapal radio- 

nuclide transported through the rth water pathway segment 

at  the pomt of entry mto a food cham pathway segment, and 

S,(O) 1s the average concentration (pCr/g) at time 0 o f  the rth 

pnncipal radionuclide m the contammated zone 

The water exposure factor WEF,,,(t) is discussed m Appendur D 
concentration ratio WSR,J,,(t) is discussed rn this appendm and Appendlx I 

The water/soil 

A water soil concentration ratio, W S R , ,  is detennmed by the rate at whch the 

I parent radionuclide L is leached from the contammated zone, the amount of mgrowth of 

radionuclide 1 from radionuclide i along the water pathway from the boundary of the 

1 

I '  

i 
: I  

' In the remainder of this appendix, a variable with a subscnpt index of [J refers directly to 
 radionuclide^ However, the quantity of the vanable is actually associated w t h  the ingrowth and 
decay relationship between radionuclides J and I 
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contammated zone to the pomt of water use, the time for radionuclidej and its precursors 

of the same decay chain to be transported along the water pathway, and the ddution that 

occurs along this pathway The model for estimatmg radionuclide leachmg and formulas for 

calculatlng the leach rate are given in Section E 1 Formulas that relate the radlonuclide 

concentration m water at  the point of use to parameters that charactenze the leachmg and 

transport processes are denved m Section E 2 Formulas of ddution factors and other 

transport parameters used to calculate W S R , ,  are gwen m Section E 3 The transfer 

functions of radioactive decay products transportmg through the unsaturated zone and 

saturated zone are discussed m Appendlx I 

E.l RADIONUCLIDE LEACHING FROM THE CONTAMINATED ZONE 

Radionuclides adsorbed m soil are subject to leachmg by infiltratlng water 

Radionuclides leaching from the contaminated zone are the sources of groundwater 

contammation Therefore, the first step m calculatmg radionuclide concentrations in 

groundwater is to estimate the leaching of rachonuchdes from the contaminated zone 

A sorptiondesorption, ion-exchange leachmg model 1s used m the RESRAD code 

This model is charactenzed by a nuclidedependent, first-order leach rate constant, L,,  which 

is defined as the fraction of  available radionuclide L leached out per umt time The 

radionuclide release rate (source strength, in pcdyr), R,(t) ,  can be wntten as (Yu 1987) 

where 

L, = leach rate for radionuclide L (yr-'), 

pb(cz) = bulk density of the contaminated zone (kg/m3), 

A = area of the contaminated zone (m2), 

7Yt) = thickness of the contaminated zone at  time t (m), and 

S,(t) = average concentration of the rth pnncipal radionuclide m the 

contammated zone available for leaching at time t (pCdkg) 

The first-order leach rate constant used in the current version of RES- is a time- 

independent radionuclide leach rate constant that is estimated on the basis of the sol1 
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residence time for the mitial thickness of  the contammated zone 

radionuclide leach rate constant for radionuclide t ,  L,, may be wntten as 

A time-mdependent 

where 

I = lnfiltrationrate(m/yr), 

e('*) = volurnetnc water content of the contammated zone, and 

To = uutial thckness of the contammated zone (m), and 

Rz' = retardation factor m the contammated zone for radionuclide I 

(dunensionless). 

The d t r a t i o n  rate s even  by 

I = (1 - CJK1 - c p ,  + I,] , 

~ where 

C, = evapotranspirabon coefficient (0 5, dunensionless), 

C, = runoff coefficient (0 2, dimensionless), 

P, = precipitation rate (annual ramfall, 1 0  d y r ) ,  and 

I, = ungation rate (0 2 d y r )  

(E 3) 

(E 4) 

To calculate the diltration rate, the average evapotranspiration coefficient i s  used 

rather than the average evapotranspiration rate, E, (see Geraghty et a1 (19731 for 

U S average) Usmg the average evapotranspiration rate does not take lnto account the 

correlation between precipitation and evapotranspiration and, for and repons, can e v e  a 

spunous negative lnfiltration rate The evapotranspiration coefficient is related to the 

Runoff coefficients for a 

specific site may be obtamed from Table E 1 I t  is assumed that imgation water is controlled 

by ditchmg or by the duration of applrcation so that none will be lost by runoff The default 

imgation rate is for humid repons where ungation is unnecessary, an appropnate genenc 

I 

I , evapotranspiration rate by the formula C, = E J ( 1  - C,)Pr + I,] 
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TABLE E.1 Runoff Coefficient Values 

Type of Area Coefficient Value 

Agncultural enmronment’ 

Flat land with average slopes of 0 3 to 0 9 m/mi 
Rolling land with average slopes of 4 6 to 6 1 d m i  
Hilly land unth average slopes of 46 to 76 &mi 

Open sandy loam 
Intermehate combinabons of clay and loam 
nght,  mpemous clay 

Woodlands 
Cultivated lands 

Urban environment 

Flat, residenhal area - about 30% lmpervlous 
Moderately steep, readenbal area - about 50% mpervlous 
Moderately steep, bmltup area - about 70% unpemous 

c2 
=2 
c2 

c3 
c3 

Cr 
Cr 
Cr 

0 3  
0 2  
0 1  

0 4  
0 2  
01 

0 2  
0 1  

0 4  
0 65 
0 8  

The runoff coeffiaent for an agncultural enmronment IS gwen by Cr = 1 - ci - % -% 

Source Data from Gray (1970) 

value for and reBons would be I, = 1 m/yr Site-specific values for the precipitation and 

imgation rates should be used whenever possible 

The volumetnc water content of the contammated zone, dCz), is the product of the  

saturated water content of  the  contammated zone, Oz), and the  saturation ratio of the 

contammated zone, Ry’ The saturated water content is the water content when the soil 

matenal  is saturated Hence, Osat equals p t ,  where p t  is the total porosity o f  the soil 

matenal, that is? 

The saturation ratio, R,, is defined as the ratio of 8 over e,,, that  is, 

(E 5 )  

The superscnpt is omitted for a general definition The definition applies for all zones 
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R, = 010,~ = eip, (E 6) 

When the medium is saturated, R, equals u t y  Under unsaturated infiltration conditions, 

the saturation ratio is a function ofthe lnfiltration rate, the saturated hydrauhc conductivlty, 

and the texture of the sod The saturation ratio can be estimated by using the followng 

equation (Clapp and Hornberger 1978) 

where 

1 = mfdtration rate (dyr), 

Kml = saturated hydraukc conductivlty (dy r ) ,  and 

b = soil-specific exponential parameter (dimensionless) 

Representative values of Ksat, and b for vanous sod textures are listed rn Table E 2 

TABLE E2 Representative Values of Saturated Hydrauiic 
Conductivity, Saturated Water Content, and the Soil-Specfie 
Exponential Parameter 

Hydraulic Saturated so1 I -spa fic 
Conductmty, Water Exponential 

Texture Q t  (mlvr) Content, Parameter, b 

Sand 
Loamy sand 
Sandy loam 
Sllty loam 
Loam 
Sandy clay loam 
Silty clay loam 
Clay loam 
Sandy clay 
Silty clay 
Clay 

5 55 io3 
4 93 lo3 
109 io3 

2 19 x lo2 
199x  102 

7 73 x 10’ 

227 x lo2 

5 36 x 10’ 

684 x 10’ 
3 26 x 10’ 
4 05 x 10’ 

0 395 
0 410 
0 435 
0 485 
0 451 
0 420 
0 477 
0 476 
0 426 
0 492 
0 482 

4 05 
4 38 
4 90 
5 30 
5 39 
7 12 
7 75 
8 52 

10 40 
10 40 
11 40 

Source Data from Clapp and Hornberger (1978) 



20 I 

The retardation factor for rad~onuclide L, Rdl, i s  the ratio of the average pore water 

velocity to the radionuclide transport velocity Assurmng that the adsorptiondesorption 

prgcess can be-represented wth a hear  Freundlich Isotherm, the retardabon factor can be 

calculated wth the  followmg formula’Wu 1987) 

PbKd,  - PbKd,  Rd, = 1 + - - 1 + - ,  
0 P t R S  

(E 8) 

where 

pb = bulk soil density (g/cm3), 
- -  

-&c p,sw*. X L  -=$f--+w-. -, -1a1-  

K;;zsrdistnbution cokfficient for the itK $incipalradionuchde (cm!/g), and 

8 = volumetnc water content (dimensionless) 

E.2 WATER/SOIL CONCENTRATION RATIOS IN TERMS OF NUCLIDE 
WATERTRANSPORT PARAMETERS 

A waterlsod concentration ratio can be expressed m terms of functions that 

charactenze the source terms and transport processes and that are apphcable for both simple 

and complex hydrogeolopcal strata By mtroducmg simplifymg approxlmations for the 

functional form of the breakthrough curve that are generally applicable, even for complex 

hydrogeologxal structures, the transport and source functions can be specified by a small 

number of nuclide water-transport parameters Vanous models can be used to denve the 

relationships between these parameters and measurable quantities The analysis is 

applicable to either the groundwater or surface water pathway, hence, in the followng 

denvation, the subscnpt r that is used to identify different water pathways has been omtted 

m order to sirnpllfy the expressions 

According to the definitions presented in Equation E 1 ,  the water/soil concentration 

ratio, WSRJt), can be expressed as 

(E 9) 
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TABLE E3 Typical Average Distribution Coefficients for Vanous Elements 
LD Sand, Soils, and Clays 

Average 
bstnbuhon 
Coefficient.,' 
K,., (cm3/g) 

SOllS 
and 

Element Clays Sandb 

Average 
Distnbubon 
Coefficient,' 

(cm3/g) 

Geornetnc so11 s Geome tnc 
Standard and Standard 
Dewahon Element Clays Sand Devlation 

As 
Ba 
Cd 
Ce 
csc 
Cr (4) 
co 
c u  
F 
Fe 
La 
Pb 
Ll 
Mn 

3 
50 
7 

500 
4 

1,m 
20 
0 

1,000 
1,0(-)0 

100 
500 
200 

1 

0 3  1 8  

0 7  2 4  
100 3 7  
80 2 4  

0 4  9 0  
100 
2 3 0  
0 

100 - 
100 
10 5 5  
50 
20 15 

5 
Hg 
Ni 
Pu 
Rad 
Se 
Ag 
Sr"' 
Th 
Tntlum 
U 
Va 
Zn 
Zr 

100 
1,000 
2,OOo 

70 
3 

100 
30 

a o c @  
0 

50 

20 
1,o 

1 

10 
100 
200 

7 
0 3  
10 
3 

6,OOo 
0 
5 

100 
2 

100 

10 
7 
19  
3 7  
7 4  
4 5  

3 6  

6 7  

a Data for As, Cd, Ce, Cr, Co, Cu, Pb, Mn, Pu, Se,  Ag, Sr, Th, U, and Zn from Baes and 
Sharp (19831, the values of K, are the geometnc means o f  the literature data (see 
also Gilbert et a1 1983, pp 3-57 ta 3-60)- Data for other elements from Nuclear 
Safety Assmates (1980), except as noted AJI values have been rounded to one 

The values are taken to be 10% of the values of soils and clays (Nuclear Safety 
Aseoclates 19801, except for Cs 

h m  Isherwood (19811, using soil and quartz sand data, rounded to one s ipf icant  
d ie t  

Sources U S Nuclear Regulatory Commission (1980). Gee et a1 ( 1980) 

The correspondmg values fmm Isherwood (1981) for Sr are 73 for soils, 2 5 for quartz 
sand, and 24 for other sands 

Slgnlficant figure 

I 

( 1  

I 
I 

/ 

I 

la- 
- -' 
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TABLE E.4 Distnbution Coefficients for Strontium and Cesiuma 

Con& tions Stronhum Cesium 

Basalt, 32-80 mesh 16-140 
Basalt, 0 !j-4 mm, 300 ppm TDS 
Basalt, 0 5-4 mm, sea water 
Basaltkactured in-situ measurement 3 
S a d ,  quartz - pH 7 7 
Sands 1343 

220- 1,200 
1 1  

1 7-3 8 

0 19 
5- 14 
17 

Carbonate, greater than 4 mm 

Grandonte, 100-200 mesh 4-9 

Tuff 454,000 

Shaley siltstone, greater than 4 mm 
Sandstone, greater than 4 xmn 

Dolomte, 4,000 ppm TDS 
Grmte, greater than 4 mm 

Grandonte, 0 5-1 mm 11-23 
Hanford sediments 50 

soils 19-280 
8 
14 

0 19 
Alluwum, 0 5-4 mm 48-2,500 
Salt, greater than 4 mm, saturated bnne 

a All values have been rounded to two significant figures 

Source Data from Isherwood (1981) 

790-9,500 
39-280 
6 5  

22-3 10 
100 
14 

34 
a9 
l,OOo-l,~ 
300 
800-18,000 
190-1,100 
3 10 
100 
120-3,200 
0 027 

where WSBV(t) is even m units of m), and W&t) is the average concentrabon at tune t of 

theJth prinapd radionuclide m water at the point of use m w t s  of pCdL due to the o n p a l  

concentrabon at i = 0 of the cth pnncipal radionuclide, S,(O), m uts of pCdg 

The concentration of thelth pnnclpal radonuchde at the pornt of use at tune t as a 

result of the ongnal contamination of the cth pnncipal radionuchde, WJt) ,  IS the sum of all 

contributions from the decay products of the ongmal contammation, S,(O), whch was leached 

from the contammated zone at a time earlier than t If k is a radionuclide rn the decay cham 

from i to j (i and j mclusive), the concentration of radionuchde k m the contamlnated zone 

resultmg from an ongmal contammation of the rth radionuchde S,(O) can be expressed as 

follows by usmg the source factor SF,, as defined in Section 3 2 3 and Appendnc G 

13 

(E 10) 
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TABLE E.5 Distnbution Coefficients for Thonum 
and Uranium 

Conditions L (cm3/n) 

Thonum 

Silt loam, Ca-saturated clay, pH 6 5 
Montmonllonite, Ca-saturated clay, pH 6 5 
Clay soil, 5 mM Ca(NO,),, pH 6 5 
Medium sand, pH 8 15 
Very fine sand, pH 8 15 
Siltklay, pH 8 15 
Sdust soil, 1 g/L Th, pH 3 2 
Schist soil, 0 1 g/L Th 
Ilhte, 1 g L  Th, pH 3 2 
nhte, 0 1 gfLTh, pH 3 2 
nhte, 0 1 &Th, pH > 6 

Uramurn 

Silt loam, UCVI), Ca-saturated, pH 6 5 
Clay soil, UCVI), 5 mM Ca(N03),, pH 6 5 
Clay soil, 1 ppm UO+', PH 5 5 
Clay soil, 1 ppm UO", pH 10 
clay soil, 1 ppm UO+*, PH 12 
Dolomite, 100-325 mesh, bnne, pH 6 9 
Lmestone. 100-170 mesh, bnne, p H  6 9 

160,000 
400,000 
160,000 

310-470 
270-10,000 
8 
603 2 
120 
1,000 
<1oo,OOo 

40-130 

62,000 
4,400 
300 
2,OOo 
270 
4 5  
29 

Source Data from Isherwood (1981) 

The release rate (atomdyr) of k atoms from the contamrnated zone rnto the unsaturated zone 

can be wntten by substitutmg the followng m Equation E 2 

where & is the decay constant of radionuclide k and constant is a unit conversion factor Use 

of the leach rate as defined in Equation E 3 yields 

(E 12) 
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TABLE E 6 Distribution Coefficients for Several Radionuclides from Vanous Sources 

Source 
rh 

Source Element pH (cm3/g) 
Kd 

Element pH (~m3/g) 

Uranmm 2 
8 
10 
13 

22 
77 

4-9 

Thonum 2 
5 
7 
13 

22 
77 

4-9 

Radium 2 
4 
6 
7 

22 

0 
100 
600 
50 

13 
23,000 

45. 

500 
3.000 

50.000 
50 

1 2  
80,000 

60,0OOb 

0 
12 
60 
100 

13 

Rancon (1973) 

Gee et al (1980) 

Baes and Sharp (1983) 

Rancon ( 1973) 

Gee etal (1980) 

Baes and Sharp (1983) 

U S  Nudear 

Commission (1980) 
Regulatory 

Geeetal (1980) 

Lead 

Stronbum 

Ceslum 

Plutomum 

7 7 2,400 Deutenum 

22 
77 

4-9 

2 
3 
7 
10 

4-9 

3 
5 
8 
10 

4-9 

2 
5 
7 
11 

4-9 

All 

1,850 
10,000 

9gc 

01 
6 
500 
170 

27d 

45 
150 
905 
650 

1,100= 

150 
250 
8,500 
1,000 

1,800' 

0 

Gee et al (1980) 

Baes and Sharp (1983) 

Staley et a1 (1979) 

Baes and Sharp (1983) 

S a e y  et a1 (1979) 

Baes and Sharp (1983) 

Staley et al (1979) 

Baes and Sharp (1983) 

a Geornetnc mean (GM) of values ran- born 11 to 4,400, with a geometnc sbmdard denabon (GSD) of 3 7 

GM of values ranging from 2,000 to 510.000, wlth a GSD of 4 5 

GM of values ranging from 4 5 to 7,600, with a GSD of 5 5 

CM of values ranging from 0 15 to 3.300, wlth a GSD of 7 4 

CM of values rangtng from 10 to 52.000, with a GSD of 6 7 

CM of values ranglng from 1 1  to 300,000, wlth a CSD of 10 

e 

The transfer function, Gk,4t) is defined as follows if Nk atoms of radionuclide K are 

released at time to from the contammated zone mto the unsaturated zone, 

n i t )  dt = N, G,, (t-tO) dt atoms of  radionuclidej will amve at the pornt of use between t and 

t + dr This function is developed in Appendlx I 

The release rate, Rlk (I) of k atoms mto the unsaturated zone w l l  result in a release 

of] atoms from the saturated zone to the pornt of use of 
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I 

( t )  = R&(t) GkJ{t) = I R,k(l Gk, ( t - l  )dl , (E 13) 

where the astensk is used to denote the time convolution of the functions, and r&) is the 

release amount of radionuclide J at the pomt of use at  time t due to the release of 

radionuchde K from the contammated zone 

0 

The concentration ofj at the pornt of use resultmg from k atoms bemg released from 

the contammated zone can be estimated by dmdmg the activlty by the water flow rate, LA, 
and multiplymg by the dilution factor, f 

The water/sod concentrabon, WSR,, can be denved by summmg the concentrations 

of nuchdej h m  all the decay products of nuclide L, that IS, nuchde k (whch then w111 decay 

to nuchdejl and then &vldmg by the ongmal contarmnabon of L, S,(O) 

By definmg the source-term leachmg ratio, Q, (t), as 

WSRJt)  can be explicitly wntten as 

(E 15) 

(E 16) 

(E 17) 

Y 
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E.3 WATER TRANSPORT PARAMETERS 

E.3.1 On-Site Groundwater  Pathway (r = 1 )  

The water transport parameters for radionuclide z are the breakthrough time At, (the 

time following the radiologxal survey at whch rahonuchdes first appear m the water at the 

point of use), the nse time a,, (the time followmg the breakthrough time for the radionuclide 

concentration in the water to attain a maxlmum value), and the dilution factor f i r  (the ratio 

between the concentration 111 the water at the pomt of use to the concentration in the 

infiltratmg water as it leaves the unsaturated zone) T w o  models are used for calculating 

these parameters a mass-balance (MB) model and a nondispersion (ND) model In the MB 

model, it is assumed that all of the radlonuchdes released from the contammated zone are 

wthdrawn through the well In the ND model, it is assumed that the dispersivlty is nll, the 

unsaturated zone consists o f  one or more honzontal homogeneous strata, the saturated zone 

is a smgle homogeneous stratum, and water urlthdrawal mtroduces only a m o r  perturbation 

m the water flow These assumptions lead to a pattern of flow lmes from whch the ddution 

factor can be estimated by geometnc considerations 

The user has the option o f  selechg whxh model to use Usually, the MB model is 

used for smaller contammated areas (e g , 1,OOO m2 or less) and the ND model is used for 

larger areas The breakthrough tunes are the same for both models, the nse times and 

dilution factors are different 

E.3.1.1 Breakthrough Time 

The well from which water is withdrawn for domestic use or imgation is 

conservatively assumed to be located either rn the center of the contammated zone (m the M B  

model) or at the downgradient edge of the contammated zone (m the ND model) For either 

location, radionuclides are assumed to enter the well as soon as they reach the water table, 

hence, the transport time through the aquifer is ml and the breakthrough time is equal to 

the transport time through the unsaturated zone, which is the sum of  the times that a 

radionuclide is transported through those strata of the unsaturated zone that lie below the 

contaminated zone 
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where 

n = number of distmct honzontal strata m the unsaturated zone below 

the contammated zone at tune 0, and 

Att(=) im = transport time for the zth pnncipal radionuclide through the mth 

stratum ( y ~ )  

The upper bound, n + l ,  of the summation m Equation E 19 is for the (n+l)th 

unsaturated stratum created by the decrease rn the water table The thickness of thls 

(n+l)th stratum, A Z ~ + ~ ,  is equal to the product of the water table drop rate, uWt, and tune 

That E, 

(E 20) 

where uWt = water table drop rate (0 001 dyr) 

The hydrogeologxal and hydrogeochemical properties of the (n+Uth unsaturated 

stratum are assumed to be the same as those of the saturated stratum The RESRAD code 

allows up to five honzontal strata below the contarmnated zone, that is, n 5 5 I fn  = 0, the 

contammated zone extends down to the aqurfer 

The formula for the transport tune IS 

where 

&, = thickness of the mth stratum = 4 m, Az2, , Az5 = 01, 

Rt: = retardation factor of the rth pnncipal radionuclide m the mth 

stratum of the unsaturated zone, 
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(uz) 
Pc, = effective porosity of the rnth stratum of the unsaturated zone (0 2, 

dimensionless), and 

(UT) 

R ~ m  = saturation ratio of the rnth stratum (dmensionless) 

The unsaturated zone retardation factors, R(’*), are calculated by the formula 
dm 

(E 22) 

where 

Pt’ = bulk sod density m the rnth stratum (1 5 g/cm3), 

(ur) 
Kdtm = distnbution coefficient for the rth pnncipal radionuclide III the 

rnth stratum (cm3/g), and 

(uz) 
Ptm = total porosity of the rnth stratum (0 4, dunensionless) 

(uz) 
Sm 

The saturation ratio, R , can be determrned by usmg Equation E 7 

Data that may be used to estimate breakthrough times when site-speclfic measure- 

ments are not avmlable are ~ v e n  III Tables E 2 through E 7, as follows saturated water 

contents (porosities), soil-specific exponential parameters, and saturated hydraulic 

conductivlties are pven m Table E 2, distnbution coefficients are e v e n  m Tables E 3 through 

E 6, and total porosities and effective porosities are gwen m Table E 7 

Hydrauhc conductwty is a cntical hydrologxal parameter that can differ by several 

orders of magnitude from one site to another Site-specific values should be used for denvlng 

soil guidelmes Default values of the distnbution c o e f h e n t  values used m the RESRAD code 

are the values for soils and clays gwen m Table E 3 The default distnbution coefficient for 

technetium is zero For other elements not listed m Table E 3, the default value is the value 

of the nearest listed element m the same column of the penodic table If there are no other 

elements in the same column, a zero value is assumed 
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TABLE E.7 Representative Porosity Values 

Total Porosity, pt Effective Porosity, p, 

A17 t hme h c Anthmetx 
Matenal Range Mean Range Mean 

Sedmentary matenal 
Sandstone (fine) 
Sandstone (medium): 
Siltstone 
Sand (fine) 
Sand (medium) 
Sand (coarse) 
Gravel (fine) 
Gravel (medium) 
Gravel (coarse) 
SI1 t 
Clay 
hmestone 

Wind-lad matenal 
Loess 
Eolian sand 
Tuff 

Igneous rock 
Weathered grani te 
Weathered gabbro 
Basalt 

Metamorptuc rock 
Schist 

0 14-0 49 
0 21-0 41 
0 25-0 53 

0 31-0 46 
0 25-0 38 

- 
0 24-0 36 
0 34-0 51 

0 07-0 56 
0 34-0 57 

0 34-0 57 
0 42-0 45 
0 03-0 35 

0 04-0 49 

0 34 
0 35 
0 43 

0 39 
0 34 

0 28 
0 45 
0 42 
0 30 

0 45 
0 43 
0 17 

o 38 

0 02-0 40 
0 12-0 41 
0 01-0 33 
0 01-0 46 
0 16-0 46 
0 18-0 43 
0 13-0 40 
0 17-0 44 
0 13-0 25 
0 01-0 39 
0 01-0 18 

-0-0 36 

0 14-0 22 
0 32-0 47 
0 02-0 47 

0 22-0 33 

0 21 
0 27 
0 12 
0 33 
0 32 
0 30 
0 28 
0 24 
0 21 
0 20 
006 
0 14 

0 18 
0 38 
0 21 

0 26 

- Source Data from McWorter and Sunada (1977) - 

Distnbution coeficients depend strongly on soil type, the pH and Eh of the soil, and 

the presence of other tons (see Tables E 4 through E 6 )  Thus, considerable uncertamty can 

be introduced by usmg default values for the distnbution coefficients This uncertamty is a 

cntical matter, particularly in cases m which the waterdependent pathways are the 

domrnant contnbutors to the total dosdsource concentration ratios Default values for the 

distnbution coefficients are provlded only for the purpose of obtainmg prehmmaxy estimates, 

site-specific values should be used for denvmg soil guidelines whenever possible 
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In adbtion to the option of usmg default values, four other options have been 

implemented 111 RESRAD to denve distnbution coefficients when site-spmfic data are not 

available The first option IS to denve the &stnbution coefficients from the soil-to-plant 

transfer coefficients by usmg the correlation proposed by Sheppard and Sheppard (1989) The 

second option uses the groundwater concentration data, rfavarlable, to denve the h t n b u t i o n  

coefficients The third option uses leach rate data, if' available, to denve the dstnbution 

coefficients The fourth option uses solubhty bmt data to denve an equivalent h t n b u t i o n  

coefficient The first three options are mscussed ID detad ID A p p e n h  H, the fourth option 

is presented m Appendur J 

The &stance from the ground surface to the water table, Dwt(t), at tune t i s  

n+l 

m=l 
D J t )  = C&) + nt> + AZm , (E 23) 

where 

C&) = cover depth at tune t (m), 

7 I t )  = thckness of contammated zone at tune t (m), and 

bzm is as defined rn Equations E 20 and E 21 

In the current version of RESRAD, the water table 1s assumed to be below the 

contammated zone, that is, D,,(O) 1 CJO) + ?TO> 

E.3.1.2 h s e  Time 

When the well IS located at the downgradient edge of the contammated zone, as 

shown 1 ~ 1  Figure E 1 (1 e , If the ND model is used), the m e  time is p e n  by the formula 

where 

< = fI/V,fSP = distance from the water table to the 

lower boundary of contamination rn the aquifer at 
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Contaminated Inflow 

I 

Water I I 
Table b 

Uncontaminated Uncontaminated 
Inflow d W  Water I - 

Vwfr 

Water I , , , !  

I - 
FIGURE E.l Dilution of Contammated Inflow by Uncontammated 
M o w  m the Nondispemon Model for a Well Adjacent to the 
Contammated Area 

the downgrahent edge of the contammated zone 

(m), 

I = mfiltration rate (dyr ) ,  

($r ) 
v w f i  = Ks Jx = water flow rate m the saturated zone <m/yr>, 

K'sf' = saturated hydraulic conductivity of the saturated I 

zone (100 m/yr>, 

Jx = hydraulic gradient in the flow (x) direction (0 02, 

dunensionless), 

P =  length of the contammated zone parallel to the 

hydraulic gradient (maximum distance from the 

upgradient edge to downgradient edge parallel to  

the hydraulic gradient, 100 m), 

d, = distance of the well intake below the water table 

(10 m), 
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time for the zth pnncipal radionuclide to be trans- 

ported from the upgradient edge to the 

downgradient edge of the saturated zone (yr), 

effective porosity of the aquifer (0 2 ,  

dunensionless), and 

retardation factor for the ith pnncipal radio- 

nuclide rn the saturated zone (dimensionless) 

Equation E 24 is used only rn the ND model Representative porosities are e v e n  m 

Table E 7 The lnfiltration rate 1s e v e n  by Equation E 4 Representative saturated hydraulic 

conductivlties are e v e n  rn Table E.2. Representative distnbution coefficients are gwen m 

Tables E 3 through E 6 

If the well is rn the center of the contammated zone (1 e , if the MB model is used), 

the nse time is assumed to be zero That E, for the MB model, 

6t,l = 0 (E 25) 

E.3.1.3 Dilution Factor 

It  is assumed that the water flow is vertically downward from the bottom of the 

contammated zone to the water table, hence, no hlution will occur m the unsaturated zone 

The dilution m the saturated zone 1s estmated by usmg the conservative assumption that 

the dispersivlty is zero 

The dilution factor for the MB model is a radionuclide-mdependent factor gwen by 

the formula 

A I  & = - ,  
UUJ 

= 1, 

A I < U ,  

A I Z U , ,  
(E 26) 

where 

A = area of the contaminated zone (m2), 
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I = infiltration rate <m/yr), and 

Uw = well pumpmg rate = annual volume of water withdrawn from well 

(250 m3/yr> 

The rnfiltration rate is calculated by Equation E 4 

For a well located at the downgradient edge of the contammated zone, the dilution 

factor for the ND model IS even by the formula 

h l = -  c 
dW 

dr I - A , dw 
Q 

(E 27) 

= 10 A 
t 

d,  I - , < L dw 

where d, is the effective pumping diameter (m) and is calculated as 

U W  

VUJfr dw 
d,  = (E 28) 

Parameters used in Equations E27 and E 28 are defined the same as those m ~ 

Equations E 24 and E 26 

The dilution factors for a well that is located away from the edge of the contaminated 

zone can be significantly smaller than the dilution factors estimated by Equations E 26 and 

E 27 for a well located m or immediately adjacent to the contammated zone The one- 

dimensional model used to obtam Equations E 26 and E 27 cannot be used to estimate this 

reduction, a two- or three-dimensional model must be used to estimate a more realistic 

dilution factor In addition, the assumption of no dispersivlty may be unnecessanly 
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conservative if the well is not located very close to the contammated zone The estimation 

of off-site well concentrations is &cussed further m Appendlx K. 

E.3.2 Surface Water Pathway (r = 2) 

The sudace water pathway will consist of an on-site groundwater pathway segment 

that extends to the edge of the contammated zone, an off-site groundwater pathway segment 

that extends from the edge of the contaminated zone to a location where surface seepage 

occurs, and a surface water segment m which the contammated groundwater is mlxed w t h  

uncontammated surface water Contammation of the surface water can also occur as a 

consequence of erosion as contammated sod 1s deposited m a nearby streambed or pond This 

pathway is not included m the current version of RESRAD 

I .2.1  Breakthrough Time 

The breakthrough time for the surface water pathway is assumed to be the same as 

that for the groundwater pathway, that xj, 

where Att is calculated by usmg Equabons E 19 through E.22 

E.3.2.2 Rise Time 

The nse time for the surface water pathway assumed to be the same as that used 

m the ND model for the groundwater pathway, that IS, 

tit, = 6 t ' I  , 

where a,, is gwen by Equation E 24 

E.3.2.3 Dilution Factor 

(E 30) 

The dilution factor for the surface water pathway is based on the assumption that 

the surface water IS a pond and (1) the lnflow and outflow for the pond are rn steady-state 

equilibnurn and (2) the annual inflow of radioactinty into the pond 1s equal to  the annual 

quantity of radioactivity leached from the contammated zone With these assumptions, the 
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dilution factor is the ratio of the annual volume of water that percolates through the 

contammated zone to the annual total d o w  of water mto the pond If, in addition, it is 

assumed that the mfiltratmg water flow is vertically downward, the dilution factor is gwen 

by the formula 

f2  = NA, , (E 31) 

where 

A = area of contammated zone (lo4 m2), and 

6 2  A, = area of watershed (10 rn 1 
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APPENDIX H 

DISTRIBUTION COEFFICIENTS 

The distnbution coefficient, Kdt is a partitionmg coefficient under equilibnum 

conditions that assumes a linear relationship between the concentration of a solute m the 

sohd (SI and the liquid (C) phases, that is, S = Kd C This model mplicitly assumes that the 

dissolution of radionuclides is not hmited by the solubihty limit The solubdity h m t  model 

is dlscussed in Appendlx J The value of Kd for dflerent radlonuchdes 1s quite vanable, 

depending strongly on soil type, the pH and E h  of the soil, and the presence of  other ions 

Thus, considerable uncertamty can be caused by usrng default values for the dlstnbution 

coefficient, especially when the waterdependent pathways are the dommant factors m the 

dosdsource concentration ratios Therefore, site-specific values should always be used 

whenever they are available The measurement methodology for the dstnbution coefficients 

is discussed in the RESRAD Data Collection Handbook Cyu et al 1993) 

In adhtion to the dlrect mput of Kd values from the screen, RESRAD provldes four 

optional methods for d e n m g  the dlstnbution coefficient The first method requves mputtmg 

a greater than zero value for the elapsed tune smce matenal placement (TI) and provldmg 

the groundwater concentration of the rahonuchde, whch LS measured at the same tune as 

the rahonuchde sod concentration The second method uses the rnput solubhty hmit to 

denve an effective Kd The thud method uses the nonzero input leach rate (default is 0) to 

denve Kd The last method is based on the correlation between the plant/soil concentration 

ratio and the water/soil dstnbution coeffinent, whch can be mvoked by settmg the Kd value 

to -1 on the mput screen Only one of the four methods can be used rn each RESRAD 
execution. If more than one of the requmments 1s satisfied, RESRAD wdl always choose 

accordmg to the followmg order - the groundwater concentration method first, the solubility 

hmrt method second. the leach rate method thud, and the plant/soil concentration ratio 

method last The solubdity h m t  method is described 111 Appendw J, the other three methods 

are dlscussed below 

A. 
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H.l GROUNDWATER CONCENTRATION METHOD 

The groundwater concentration method requires mputting two parameters - the 

elapsed time smce matenal placement (TO and the groundwater concentration ( W l j  for 

rahonuchde L The values for both parameters should be greater than zero The radionuclide 

groundwater concentration is measured rn an on-site well at the same time as the soil 

concentrahon IS measured The well IS assumed to be located at the downgrahent side of the 

site boundary for the nondlspersion (ND) model (see Appendlx E) For the mass balance 

(MB) model, 111 which the well is located at the center o f  the site, the groundwater mput 

method is not apphcable 

On the basis of measured sod and groundwater concentrations and the elapsed time 

between the &sposaJ of radioactwe wastes and the performance o f  a rad~olog~cal survey, it 

IS possible to determme the dlstnbutwn coeficient o f  a rahonuclide mth the provlded 

geologxal and geometncal information To simplify the denvation procedures, it is assumed 

that the dstnbution coefficients of rahonuchde L 111 the contammated zone, Kd,(CL), UI the 

unsaturated zone, Kdun(’u), and m the saturated zone, Kd,(u). are equal The geolopcal and 

geometncal structure of the contammated site IS assumed to be unchanged between the time 

of the waste placement and the performance of  the radiologml survey, that is, the thickness 

of the cover matend and the amtammated zone and the dlstance from the ground surface 

to the water table rem- the same. Iterative calculations to find a best fit value for the 

distribution coefficient can then be camed out followmg the leachmg model presented rn 

Appendm E 

Dunng the calculational iteration, mput data are checked constantly for the 

possibllity of fmdmg a reasonable Kd to match the specified environmental setting If 

RESRAD finds that the mput data vlolate the leachmg model, thus malung the denvation 

of a reasonable Kd unpossible, warning messages wdl appear on the screen, and the mput 

groundwater concentration will be reset to zero The default value o f  Kd can then be used 

to contmue the remamng calculations This case leads to the same result as if no 

groundwater contammation had been observed dunng the radiologmil survey The user is 

adwed to  check the mput value of TI or the groundwater concentration m the next RESRAD 

execution so that a reasonable Kd can be denved Smce the Kd value of only one radionuclide 

IS solved m each iteration, when a decay cham of more than one pnncipal radionuchde is I 
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involved, the Kd values for the other radionuclides will be used m the iteration Fo r  example 

if  uranium-238 and uranium-234 exist m the contaminated soil, and the groundwater con 

centrations for both radionuclides are detected, then the Kd value of uranium-238 wll be 

used rn the iteration procedure for uranium-234 Because of the listmg order of pmcipa l  

radionuchdes rn the R E S W  code, the iteration procedure for uranium-234 wdl be performed 

first, so that the Kd value for uranium-238 used 111 the iteration is obtamed from the user 

mput file rather than from an iteration procedure This may result m an inaccurate Kd for 

uranium-234, if the mput Kd for uranium-238 is maccurate To reduce such maccuracy, it 

may be necessary to run RESRAD several times to  obtam the correct values In the repeated 

runs, the groundwater concentrations of each ra&onuclide are assigned sequentially 

a c c o r h g  to the decay order In the first run, only the first rahonuchde m the decay chain 

is input wth a nonzero groundwater concentration For the second run, the denved Kd for 

the first rahonuclide is used, and the groundwater concentration o f  the second radionuclide 

m the decay cham is added (the groundwater concentration of the first radionuclide can 

either be set to zero or camed over from the first run) Thu procedure can be used for the 

remamder of the ra&onuclides m the decay cham Sections Hl 1 and H 1 2 d e t d  the 

iteration procedure used m RESRAD for denvlng dstnbutzon coefficients by the groundwater 

concentration method 

ELl.1 Breakthrough Tune and Rise Time as Functions of K4 

Accordmg to Equations E 19 and E 21, the breakthrough tune for radionuclide L can 

be wntten as 

Substitutmg Rd (uz) mth Equation E.22, At, then becomes 
rm 
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Equation H.2, aRer rearrangement, can be expressed as a h e a r  function of Kd,, 

= XI + x2 Kd, , (H 3) 

where 

x, = 
Z 

, 

and 

The m e  time, lit,, depends on the geornetncal charactenstics of the site Fo r  the 

MI3 model, the value of 6t ,  equals 0 because the well LS located at the center of the 

contammated zone For the nonbpersion model, a t ,  is a function of r4 and can be 

expressed as 

By mcorporatmg the definition of T,, mto Equation H 6, 6, then can be wntten as 

31 
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r 1 

1 

I 

i 

where 

x3 = [GIx 
and 

(H 9) 

(H 10) 

(H 11) 

(H 13) 

The leach rate constant L, for radionuchde L is also a functlon o f  Kd From 

Equation E 3, L, can be expressed as 

1 

x5 + x6 Kd, 
L, = 

WI th 

and 

(H 14) 
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H.1.2 Solution for the Distnbutlon Coefficient 

H.1.2.1 Relationship between the Water/Soil Concentration Ratio 
and the Distribution Coefficient 

For a pnncipal ra&onuclrde that is not a decay product of any other rahonuclide, 

the relationship between the w a t e r h d  concentration ratio [the ratio of water concentration 

at tune t to the mput soil concentration, W,(t)/S,(O)] and the dlstnbution coefficient CKd,) i s  

such that for a contnmlnated site m t h  a specific geologmd structure, an mcrease ID Kd, will 

result m an mcrease m the breakthrough tune d, and the nse time a,, but wdl result m a 

decrease m the leach rate constant (LJ, therefore, the maxunum value of W,(t)lS,(O) will 

decrease When the plvlapal radionuclrde 1 IS a decay product of other rackonuchdes, the 

times to observe the beguuung of  a nonzero waterkod concentration ratio W,W/S,(O) and its 

maxunum are not necessanly At, and Atl + tit,, respectively These tunes depend not only on 

the Kd of nuchde L but also on the Kd’s of its parent radonuchdes It is <Ilfficult to define 

precisely the m a p t u d e  range of the dtstnbution coeffiaent Kd, based on a measured 

groundwater concentration W, To make it simpler, the range of Kd, is defined by considenng 

radionuclide L mdependently, that IS, the range i s  the same as that for a rackonuclide that 

does not ongmate from the decay of other radionuchdes Although this assumption is 

maccurate, for the possible values o f  TI (which are always less than 100) III most cases, the 

defmed range is a good approxlmation and mcludes the final solution After the range 1s 

defined, an iteration procedure IS used to fmd a best fit value for Kd, An rnternal absolute 

time frame is used m the calculation of  the waterkoil concentration ratio, that is, the onpn 

t = 0 corresponds to the tune the contammants were placed on-site Whenever the mput TI 

is greater than 0, RESRAD wlll calculate the soil concentrations of all p ~ c i p a l  radionuclides 

at the placement time The ratios of  water concentrations at different times with the 

measured sod concentrations are then calculated The iteration procedure w l l  frnd a best 

fit value of Kd,, so that at time TI, the water/sod concentration ratio is the measured value 

of rW,lSJ, The denved Kdl w ~ l l  result m a TI that i s  greater than the correspondmg 

breakthrough time (At,) and smaller than the correspondmg nse time (At, + at,) 

I 

, 
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E.1.2.2 Definition and Magnitude Range of the Distribution Coefficients 

The vanous dlstnbution coefficients used m the iterative calculation based on the 

groundwater concentration method are defined as follows 

E& - The distnbution coefficient of radionucbde L that causes the 

m8xllIlum water/sod concentration ratio to occur at tune TI (absolute tune 

frame) 

(Kd,)& - The dstnbution coefficient of radionuchde L that causes the 

breakthrough tune to equal TI (absolute tune frame) 

"he solution of the dlstnbution coefficient for radronuchde a, Kd,, can be found only 

for the ND model The dstnbuhon coefficient (Kd,Ir that has its peak at TI should be the 

lower limit for Kd, The prehminary requirement for obsenmg any concentration m 

groundwater u that the absolute tune TI must be equal to or greater than the breakthrough 

time At, Thus (Kd,)bt is the upper lmt  for Kd, 

H.1.2.3 Calculation of (KdI), and (Kd,)bt 

From the above discussion, If the distnbution coeffiaent for radonuchde a IS (&,Ir, 
then the peak of the watedsod concentration ratio wll occur at tune TI (absolute tune) On 

the basis of ths mformation, (&,Ir can then be solved by 

TI = At, + 6 t ,  

= ( X I  + x, ) + (X2 + 

Therefore, 

(H 19) 

The watedsoil concentration ratio, ( WI(t)/Sl(0))r, calculated at time TI (absolute tme)  with 

(&,Ir will be greater than (or equal to) the measured value rW, /SJ, The value of (Kd,Ibl can 

easily be solved by setting TI to d, 
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TI = At, (H 20) 

Because, by defmtion, the dlstnbution coefficient Kd, should always be greater than or equal 

to zero, any negative solution for (ICd& 1s not allowed The occurrence of a negative (Kd,)bi 
mdicates that no contammation of  radionuchde z should be observed at tzme TI (absolute 

tune) in accordance wlth the specdied geologxal structure of the site, because the elapsed 

time TI is shorter than the breakthrough tune At,, this is obvlously contrary to the 

observation Therefore, rfthe calculated (Kd,)& is less than zero, a wammg message wdl 

appear on the screen, and the water concentration w11 be neglected 

R1.2.4 Flow Diagram for the Iteration Procedure 

Once the magnitude range for Kd, 1s solved, an iterative calculation is performed to 

solve for Kd, A p r e h m a r y  check must be made, however, to  make sure that it is possible 

to find a solution When (Kd& IS less than 0, a warning message wdl appear on the screen 

and the iteration wrll be aborted The normal calculation wll be contmued by settmg W, t o  

0 and usmg the default or mput distnbution coefficient Figure H 1 illustrates the flow 

diagram for the iteration procedure 

H.2 THE LEACH RATE METHOD 

When a nonzero leach rate for radionuclide,' IS mput, RESRAD will calculate the 

distnbution coefficient on the basis of this value Equation E 3 is used first to denve the 

retardation factor for the contaminated zone, then Equation E 8 is used to obtam Kd, the 

distnbution coefficient of the contammated zone After Kd is obtamed, its magnitude will be 

checked for validity (Kd must be greater than or equal to 0) If Kd is negative, indicating that 

The index 1 corresponds to pnncipal radionuclides present ongmally as well as any principal 
radionuclides resulting from ingrowth 
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FIGURE H 1 Flow Diagram for the Iterative Calculations 
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the input leach rate IS unreasonably large a c c o h g  to the leachmg model m Appendw: E, 

then the rnput leach rate wrll be neglected, and its value vplll be recalculated vplth the mput 

or default d.lstnbution coefficient This process results m the same situation as tf the mput 

leach rate of radionuclldej were zero O t h e m e ,  the denved Kd d replace the screen 

mput value and RESRAD wdl contmue the remalning calculations 

When an acceptable Kd is denved, ttus value wrll be used not only for the 

contammated zone but for the unsaturated zone(s) and the saturated zone If the user does 

not want to have the rnput dlstnbutlon coefficients of the unsaturated zone(s1 and the 

saturated zone substituted, another execution of RESRAD m t h  the denved Kd for the 

contammated zone and a zero mput leach rate s requmd 

E 3  "HE PLANTBOIL CONCENTRATION METHOD 

Another method for denvlng the drstnbution coefficient 19 the plant/sod concentration 

method Accordrng to Baes et al  (1984) and Sheppard and Sheppard (1989), a strong 

correlation exlsts between the plant/sod concentration ratio (CR) and the contammated zone 

distnbution coeffiaent Kd Sheppard and Thibault (1990) proposed the followmg correlation 

equation 

where a and b are constants From expenmental data, the value for the coefficient b is found 

to be -0 5 for sandy soil, a = 2 11, for loamy soil, 

a = 3 36, for clayey soil, a = 3 78, and for organic sod, a = 4 62 Baes et  a1 (1984) also 

proposed the above correlation equation (Equation H 23), however, Hnth dlfferent coefficient 

values Equation H 23 provldes a method to estmate the hstnbution coefficient from the 

plant/soil concentration ratio, especially when expenmental or literature data are not 

available 

The value of a depends on soil type 

The planthoil concentration ratio (CR) used is based on the weights of dry soil and 

wet plants The soil-to-plant transfer coefficient, B,o, used in RESRAD is also based on the 

weights of dry soil and wet plants Therefore, the RESRAD default B,. values or the user- 

specified values of the soil-to plant transfer factors can be used in Equation H 23 for the 

calculation of Kd, 
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wherej 1s the radionuclide mdex When the mput dstnbution coefficient Kd value (whether 

it is for the contarmnated, unsaturated, or saturated zone) is -1, the sod-to-plant transfer 

Eactor B' will be used for caldatmg the dstnbution coefficients by usrng Equation H 24 In 

the current version of RESRAD, loamy sod is assumed, that IS, a = 3 36 m Equation H 24 

It 1s also assumed that the denved Kd apphes to all zones If the user would llke to use 

different Kd values for different soil layers, then RESRAD must be executed once agarn urlth 

the derived value assigned to the proper sod layer 
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APPENDIX J 

ESTIMATION OF THE DISTRIBUTION COEFFICIENT 
ON THE BASIS OF TEE SOLUBILITY CONSTANT 

J.l INTRODUCTION 

The present leachmg model m the RESRAD code requires the mput of an empmcal 

distnbution coefiaent, Kd, which represents the ratio of the solute concentration m soil to 

that m solution under equilibnum conditions Parameters that affect the measurement of 

the distnbution coefficient are the physical and chemical charactenstics of the soil and the 

chermcal species present rn the contact solution For soils contarmnated mth radonuclides, 

the radionuchdes may be associated m t h  particulate matter m several chemcal forms, 

resultmg m differences rn leachabihty and solubihty When 111 contact with chemcal species 

m solution, these radionuclides might be desorbed mto the solution phase, possibly by 

dissolution or complexation Therefore, the mvestigation of radonuclide dlstnbution among 

different geochemcal species and the solubility of these geochemical species d 1  be useful 

for predictmg the possible maximum concentration o f  a ra&onuclide m sod solution The 

estimated maxlIllum radionuchde concentration m soil solution can be further utihzed to 

calculate the dwtnbubon meffiaent under more conservative condltions for modehng 

purposes The methodology for estimatmg the distnbution coefficient on the basis of 

radonuchde solubhty is presented, and sample calculations are provlded to demonstrate the 

use of thls methodology 

5.2 METHODOLOGY 

In the earhest stage of the leaching process, geochemical species w ~ t h  h g h  

solubilities are first released into the solution phase by dissolution As leachmg proceeds, 

geochemical species with low solubilities wlll start to  dssolve The mvestigation of 

radionuclide distnbution among different geochemical species can provlde useful donnation 

fov predictrng the radonuchde concentration under equilibnum desorption conditions 

Unfortunately, laboratory lnformation on possible solid phase and solution species of 

radionuclides is usually unavadable, and the httle lnformation that is available is mostly very 

site- and solution-specific, malung extrapolation of data very dlmcult To estimate the 

possible solids present in a p e n  sod solution system, available thermodynamic data were 



used to construct Eh-pH hagrams (Garrels and Chnst 1965, Pourbam 1966) and activity-pH 

hagrams (Ra and Lmdaay 1975; h and Serne 1977) Ames and F h  (1978) reported that 

although Eh-pH hagrams can be used to predxt the presence of Merent  mhds for elements 

that exst rn more than one oxldahon state, these hagrams do not md~cate the total amount 

of the element and the relabve amount of vanous specles rn solution under spedic 

conhtions Therefore, actinty-pH diagrams were used 

5.2.1 Activity-pH Diagrasns for Radionuclides 

The methodology used for developmg a stabhty and/or actinty-pH czlagram utllrzes 

thermodynarmc standad free energies o f  formation (AGfO) to calculate e q d b n u m  constants 

for vanous rmneddsohds under standard conditions, that IS, 1 atm and 25°C On the bas= 

of the estmated equllrbnum reactxon constant, the equation for the actinties of related 

chemcal specles in a specific rmneral or sohd can be formulated For any even sod solution 

system for which there is insufficient chemcal mformation, actinties of wmmon cations (such 

as Ca+2, Mg+2, K+, Na+, etc) and anions (such as Cl-, HCOj, C 0 i 2 ,  NO;, F, SOL2, and 

PO,-3) are usually selected to represent expected envlronmental conchtions The equation for 

the activlty of the radionuchde bemg mvestigated can then be sunplfied to be a function of 

the solution pH For each radionuclide mvestigated, the stabihty chagram can be constructed 

so as to provlde mformabon on the saturate solubAty of the rachonuclide under even 

envlronmental condhons with m e r e n t  solution pHs Typical soil concentrations of selected 

elements and rnorganic anions have been reported by Ra and Lindsay (19751, Dvorak et a l  

(19781, and Nieto and Frankenberger (1985) For sites wth  specific soil solution properties, 

the stability diagram can be mohfied to correspond to the actual ionic activlties This 

modification would result rn an upward or downward s h R  of the isotherms Rai and Lmdsay 

(1975) used Al-mmerals, such as analcime (NaAlSi206 H,O), t o  present the detads of the 

method for constructlng stabhty dagrams 

Chemical information OD contaminated soils and contact solutions is needed for an 

accurate prediction of possible reactions in  the soil-solution system To aid in estimating the 

possible solution composition under typical envlronmental conditions, stability diagrams 

available m the literature are renewed Stability diagrams are summanzed m Section J 4 

for some of the radionuclides considered in the current version of RESRAD 
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5.2.2 Estimation of the Saturate Solubility for a Specific Radionuclide 

Consider a soil-solution system in w b c h  the mtial concentration o f  rachonuchde L 

m Soil is S&O) (pCi/g sod). Assume that all of radlonuchde z can be released mto the soil 

solution under the worst desorption condhons, the total actmty of radionuchde L m thzs sod 

solution system Ctd,l (mom) IS 

where 

Ms = total mass of contarmnated sod @I, 

= volume of contaminated soil x bulk density of soil, 

= v x  Pb, 

Vmlutlon = volume of sod SOlUhOn (A), 

= volume of contaminated sod x total porosity x saturation 

ratio, 

= V x p r  x R,, 

SA, = specific actinty of radionuclide z (pcdg), 

AWt = atormc weight of radonuchde L (glmole), 

and 

In the stabihty diagram of rahonuchde L, any solid with its stability h e  below 

another solid’s stability h e  is more stable than another solid Thus, the maximum activlty 

of radionuclide i m soil solution (C, I )  m the stability diagram can be used as the starting 

point to search for the saturate solubility by the followmg process 

1 In the stability diagram for radionuclide L, draw a horizontal line L, 
w t h  log A, = log C,,, , to represent the total activlty of radionuclide L in 
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the soil solution system. Any solids mth a solubhty lme below L, 
xmght be present as stable sohds m the even sod solution system 

2 At a speclfic solution pH, draw a vertical h e  L, The mtercept between 

4 and the solubility b e  nght below L, mhcates the actimty of 

rachonuchde L in a saturate soil solution, that is, saturate solubhty 

Smaxr at the specfic solution pH 

J.23 Estimation of the Distribution Coefficient for Input rnto RESRAD 

For the sod solution system k s s e d  above, assume that, at equllibnum conhtions, 

X fraction (%) of total activity of rahonuchde L w l l  be released mto the solution phase On 

the basis of the rachoactivlty measurement, the empulcal distnbution coefficlent K' for 

radionuchde L IS defined as 

(J 3) - Radroactrvrty Remaining in Soil Phase, pCdg soil 
Kdl - Radrtivdy Released ~nio Solution Phase, pCdmL solutwn 

Then 

1 -x P t  Rs --x- - 
X P b  

Calculation of the distnbution coeficient can be performed by usmg the followng 

procedure 

1 Calculate the maximum mass concentration of radionuclide i ,  Cma, on 

the basis of the estmated saturate solubility 

S,, = Saturate Solubility 
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2 Calculate the fraction of the total ra&onuclide mass released mto the 

solution phase, &a- 

3 Calculate the drstribution ooeffiaent 

5.3 SAMPLE CALCULATION 

A sample calculation is s m e d  m #us section by usrng uraruum-238 as the 

prmciple contaminant Consider a contammated site mth the followmg properties 

Contammated soil 

Area 

Depth 

Bulk density, p,, 

Total porosity, pt 

Saturation ratio, R, 

ContRmrnant (uramum-238) 

Initial concentration 

Speclfic activlty 

1,000 In2 

l m  

16 &rn3 

04 

0 5  

1,000 pcl/g so11 

3 36 lo5 pcdg 

1 Calculate the total activlty of uranium-238 rn the soil solution system 
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2 Estmate the saturate solubdity of urmum-238 rn solution On the 

b a s s  of the s tabhty diagram for U0,+2 shown m Figure J 11, draw a 

honzontal h e  L, with log At = -1 to represent the total activlty of 

uranium-238 Draw a vertical lrne L2 to represent the solution pH The 

UO,+, sohd mth a stability h e  nght below L, at each solution pH is 

used as the reference solid The mtercept between L, and the stabihty 

h e  of the reference solid mdlcates the saturate solubility of  UO,’, m 

the soil solukon system mvestigated For soil solution systems m t h  a 

solution pH varyrng from 4 to 9, the estimated saturate solubihties are 

listed below 

Saturate Solubility 
Solution pH Reference Solid s,,,, X-nolfL 

7 uo;co, 
8 uo,co, 

uo,co, 9 1 io7 

3 Calculate the distnbution coefficient for each soil solution system urlth 

a different solution pH 

For solution pH = 5, the distnbution coefficient is calculated on the basis 

of the following process 

a Calculate the maximum mass concentration o f  uranium-238 m the 

soil solution as 
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238 1 g 
mol 

c,, = 5 x  10- 5 - mol x L X  
L 1,ooomL 

g U-238 = 119  1 0 - ~  
mL solutwn 

b Calculate the maxlmum fraction of total urmum-238 released mto 

the solution phase as 

c Calculate the dlstnbubon coeficlent as 

1- (5 0 4  0 5  = 250 [+] 
1 6  Kdt = 

5 10-~ 

4 The distnbution coefficients, Kd,  for uranium-238 111 soil solution 

systems wth different solution pHs are calculated and summanzed 

below 

Solution pH Calculated Kd (mug) 

4 3 
5 250 

7 12 38 
6 4 17 io4 

8 125 lo4 
9 1 2 5  io5 

(J 9) 

(J 12) 
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5.4 RESRAD INPUT REQUIREMENTS 

The RESRAD code provides an ad&tional option for calculatmg the chstnbution 

coefficient by usmg the solubility constant To use ths option, users need to mput the 

solubdity constant. With the input solubhty constant, RESRAD w1U estmate a &tnbution 

coefiaent correspondmg to the solubibty b i t  desorption conhtions 

Constants of specific actimty and atomc weight for ra&onuclides considered m the 

current RESRAD database are summanzed m Table J 1 

J.6 COMPILATION OF STABILITY DIAGRAMS 

The chermstry and geochermstry of radionuclides m RESRAD Wrll be bnefly renewed 

m this secbon from the standpoint of the relative solubhties of possible sobd phases The 

work summanzed below is based on the assumption that radlochermcal properties of all 

sotopes of an element are identical m respect to their reaction wth g e o l o g d  matenals 

TABLE J.l Constants of Atomic Weight and Speclfic Activity for Radionuclides m 
the Current RESRAD Database 

Ac-227 
Am 241 
Am 243 
c- 14 
Ca4 1 
-144 
(21-36 
Cm 243 
Cm 244 
6 5 7  
Co 60 
Cs 134 
Cs 135 
Cs 137 
Eu 152 
Eu 154 
Eu 155 
Fe-55 
Gd 152 
H 3  
I 129 
K 40 
Mn 54 
Na 22 
Nb 94 
NI 59 

227 1 
241 1 
243 1 

14 0 
41 0 

144 0 
360 

243 1 
244 1 

669 
59 9 

134 0 
135 9 
137 0 
152 0 
154 0 
155 0 
550 

152 0 
3 0  

129 0 
40 0 
540 
2 2 0  
93 9 
59 0 

7 24 1013 

200 x 101' 
4 45 x 1oI2 
8 47 x 1010 
3 19 1015 

5 16 1013 

i 13 1015 
I 29 1015 

I 81 10" 
2 73 io1' 
4 65 1014 
2 4 2  1015 

961 1015 
173 x 108 

774 1015 

190 x 10" 

3 4 2  x 10" 

330 x 10" 

8 0 9  x IOl3 
816 x IOl5 

8 83 x 10' 
8 65 x l O I 3  

2 18 x lo1 

6 99 x lo6 

624 x 1015 

8 0 8  x 10" 

Ni-63 
Np237 
Pa-231 
w 210 
Pu-238 
PU 239 
Pu 240 
Pu 241 
Pu 242 
Ra 226 
Ra-228 
Ru 106 
Sb125 
Srn 151 
Sr-90 
Tc-99 
Th 228 
Th 229 
Th 230 
Th 232 
u 232 
U 233 
U 234 
U 235 
U 236 
U 238 

62 9 
237 1 
231 1 
210 0 
238 1 
239 1 
240 1 
241 1 
242 1 
226 1 
228 1 
106 0 
125 0 
151 0 
89 9 
989  

228 1 
229 1 
230 1 
232 1 
232 1 
233 1 
234  1 
235 1 
236 1 
238 1 

5 68 1013 
704 x 108 

7 a 1013 
171 1013 

i o 3  1014 
3 93 lo9 
9 88 x 10" 
272 io1' 
326 1015 
i o 3  1015 
2 63 1013 
1 %  1014 

8 19 1014 

202 x 10'0 
i o 9  lo5 
2 14 1013 

4 72 x 10" 

6 20 x IO" 
2 27 x 10" 

169 x 10" 

2 14 x 10'' 

963 x 10" 
6 23 x lo9 
2 16 x lo6 
6 46 x IO8 
3 36 io5 
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J.6.1 Americium 

Scant information IS available on the possible solid phases of amenaum m sod and 

rock environments (Ames and R ~ I  1978). The relative solubility of several amencfum sohds 

111 an oxldrzmg environment (PO, = 0 68 atm) have been estmated by Latuner (1952) and 

Keller (1971) as a function of solution p H  On the basis of thls mformataon, the stabihty 

dagram for amenclum sohds has been constructed by Ames and F b  (1978) as shown in 

F w e  J 1. It can be seen that the solubillty of the amenaum solids decreases rapidly as the 

solution pH mcreases Except for Am(OH),, changing the sod solution system from oxldized 

to reduced conditions wdl lncrease the activhes of Am+, associated mth each possible sohd 

phase 

5.5.2 Antimony 

Thermodynamic data for Sb,O, (Sdlen and Martell 19641, Sb,O,, SMOH),, Sb204, 

Sb205, Sb2S3, SbCl,, and SbF, (Wagman et al ,1968) compounds were seleded by Ames and 

R ~ I  (1978) to construct the stabdity &agram shown 111 Figure J 2 for antmony soh& m an 

oxldizmg soil envlronment mth p02 = 0.68 atm The SbCl,, SbF,, and Sb,S, solids are very 

soluble in the oxldizmg envlronment and therefore are not shown m this figure 

5.5.3 Cerium 

The stability diagram for cenum sohds is shown rn Figure J 3 The thermodynamic 

data for the compounds used for developmg ths figure were obtamed from Schumm et a1 

(1973) for Ce203 and Ce02, Baes and Mesmer (1976) for Ce(OH), and Sdlen and Martell 

(1964) for CePO, 

5.5.4 Cesium 

Thermodynamic data are available for the followmg cesium solids Cs(OH), Cs,O, 
CsCl, CsClO,, Cs2S04, Cs2C03,CsHC03, CsN03, and CsF As reported by Ames and Rai 

(19781, all these solids are highly soluble and, therefore, stability diagrams for cesium are not 

presented 
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FIGURE J.l Relative Stability of Various Americium Sohds in an 
Oxidizing Soil Environment [p02(d = 0.68 atml (Source: Adapted 
from Ames and R ~ I  1978) 

5.6.6 Cobalt 

The stabdity of cobalt solids depends on the pH and the omdation-reduction 

envrronment Sources from whch thermodynamic data for vanous cobalt soh& were 

obtarned were Slllen and Martell (1964) for WOH),, COCO,, and CoOOH, Wagman et a1 

(1969) for COO and CoHpO,, Roble and Waldbaum (1968) for Co3(P0,),, and Chase et a1 

(1975) for Co,O, The stability dagram for cobalt is shown m figure J 4 

5.6.6 Cunum 

Cunum can form hydndes, hydroxides, hahdes, oxides, and  organometalhc 

A search for thermodynamic data for these compounds was compounds (Keller 1971) 
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PH 

FIGURE 5.2 Activlty of SbO+ in Equilibrium with Vanous Antimony 
Solids in an Ondizing Sod Environment [p02(g) = 0 68 atml (Source: 
Adapted from Ames and Rai 1978) 

unsuccessful except for CmF, Therefore, a stabihty diagram for cunum cannot be developed 

at this time 

5.5.7 Europium 

Europium forms oxides, hydroxides, and salts wth chlondes and sulfates The 

The thermodynamic data for the 

(1973) for 

The other solids were too 

stability diagram for europium is shown in Figure J 5 
compounds used for developing this figure were obtained from Shumm et a1 

Eu203 and Eu(OHl3 and Latimer (1952) for Eu2(SO,I3 8 H 2 0  

soluble and fall beyond the graph boundanes 
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FIGURE J.3 Activity of CeS+ m Equilibnum with Phosphate 
Levels from Vanscite and Gibbslte (V & G), Dicalcium 
Phosphate Dihydrate (DCPD), and Octacalcium Phosphate 
(OCP) (Source: Adapted from Ames and Rru 1978) 

5.5.8 Iodine 

Most iodme compounds are very soluble Some of the msoluble or spanngly soluble 

compounds mclude the iodites of lead and palladium, the hypoiodites of silver and mercury, 

and banum penodates (Pourbauc 1966) In normal soils, the concentration of most of  these 

elements (lead, palladium, arsemc, mercury, and banum) that form compounds w t h  iodine 

IS very low (Ames and Rai 1978) Therefore, they would not be present m soils 
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FIGURE 5.4 Relative Stability of Cobalt Solids 111 an Oxldizmg Sod 
Environment Ip02( 
Equilibrium with &-iscite and Gibbsite (V & G), Dicalcium Phosphate 
Dihydrate OCPD), and Octacalcium Phosphate (OCP) (Source: 
Adapted from Ames and Rai 1978) 

= 0.68 atm, pCa" = 2.51 with Phosphate Levels m 

J.5.9 Neptumum 

Thermodynamic data are unavmlable for n e p t u u m  compounds other than oxldes 

and hydroxides (Burney and Hartour 1974) The stability diagram for neptumum shown m 

Figure J 6 relates the activlty of Np02+ to pH m an oxidmng envlronrnent (PO, = 0 68 atm) 

m equilibnum wth neptunium oxides and hydroxldes 

5.5.10 Plutonium 

The stability diagram for plutonium shown m Figure J 7 relates the activlty of Pud 

to pH m a n  omdizing envlronment (PO, = 0 68 atm) m equilibnum w t h  vanous plutonium 

solids The  parameters indicated in parentheses aRer the mineral formulas refer to the 
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FIGURE 5.6 Relative Stability of Various Europium Sohds at 
pS0," P 2.6 (Source: Adapted from Ames and Rai 1978) 

additional condition of equihbnum For example, W&G) indicated after the F'UW€"P,)~ 

mmeral formula denotes that the mmeral is considered to be m equilibnum wlth vanscite 

and pbbsite 

5.5.11 Radium 

The compounds formed by radium and their solubilities are similar to banum 

Thermodynamic data for radium compounds are avadable only for radium nitrate, chlonde, 

iodate, and sulfate (Parker et a1 1971) All of the compounds except radium sulfate are very 

soluble The 

solubility product for radium sulfate is 4 25 x lo-" at  25°C and 1 atm 

Therefore, the stability diagram for radium compounds is not presented 
I 

I 

53 



. 
4 

4 

I i 
f 
1 

275 

4 

2 

0 

+ 

$ -2 
0) 
0 - 

-4 

-6 

-8 
3 4 5 6 7 8 9 10 

FIGURE J.6 Relative Stability of Various Neptunium Sohds in an 
Oxidizing Soil Environment [PO,(,) = 0.68 atml (Source: Adapted 
from Ames and Rai 1978) 

5.5.12 Ruthenium 

Ruthenium is generally present m association m t h  platmum group metals 

Ruthenium can also form discrete sohd compounds such as RuO,, RuOa, Ru(OH), Ru(OH)~,  

RuCl,, and RuS, The stability hagram for ruthenium solids under oxldlzmg conditions 

(PO, = 0 68 atm) is shown m Figure J 8 The thermodynamic data for Ru(OH), and Ru(OH), 

were obtamed from Sillen and Martell (1964), the data for RuO, and Ru04 were obtamed 

from Wagman (1969) 

5.5.13 Strontium 

Strontium is an alkalme-earth and forms several salts Thermodynamic data for 

Except for SrSiO,, SrHP04, vanous strontium compounds are available in the literature 
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FIGURE 5.7 Relative Stabdity of Various Plutomum 
Solids in an Oxidizing Sod Enwonment [PO, g) = 

Levels m Equih%num with Vanscite and Gibbsite 
W & GI, Dicalcium Phosphate Dlhydrate (DCPD), and 
Octacalcrum Phosphate (OCP) (Source: Adapted from 
Ames and Rai 1978) 

0.68 atm, pCO,, ) o 3.62 atml, p F  = 3.5, m t h  P 6 osphate 

Sr,(PO,),, SrCO,, and SrS04, the strontium solids are too soluble to construct a stability 

diagram As shown m Figure J 9, the stability diagram for strontium was developed on the 

basis of thermodynamic data from Sillen and Martell (1964) for Sr,(PO,), and Parker et  a1 

(1971) for SrSiO,, SrHPO,, SrCO,, and SrSO, 
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FIGURE 5.8 Relahve Stability of Vanous Ruthemum Solids in an 
Oxidizing Soil Environment [PO,( ) = 0.68 atm, pC1' = pSO,2' = 2.61 
(Source. Adapted fkom Ames a n d h i  1978) 

5.5.34 Technetium 

Baes and Mesmer (1976) reported that technetium NU) forms strong peracids 

(HMO,) and that its orndes are very soluble Scant mformation is available concerning the 

solubility of its salts (Ames and Rai 1978) 

5.5.15 Thonum 

Common rnsoluble thonum compounds mclude hydromdes, fluondes, and phosphates 

Soluble compounds mclude chlondes, nitrates, and sulfates The stability diagram for 

thorium, as shown m Figure J 10, is constructed for an assumed envlronmental condition of 

equilibnum with vanous thonum solid phases The thermodynamic data for ThOp(s) were 

selected from Baes and Mesmer (1976) The data for the other compounds were selected from 

Sillen and Martell (1964) 
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FIGURE J.9 Relative Stabdity of Various Strontium Solids at pCa2+ = 
pSO,% = 2.6, pH,SiO, = 3.1, and pC02cg, = 1.52 atm m Equdibnum wtth 
Variscite and Gibbsite (V & G), Dicalcium Phosphate Dhydrate (DCPD), 
and Octacalcium Phosphate (OCP) (Redox potential has httle effect on 
strontium solubilization.) (Source: Adapted from Ames and Rar 1978) 

5.5.16 Tritium 

“ntium is a radioactive isotope of hydrogen Thus, the behamor of tntium m soils 

would be expected either to be slmdar to hydrogen or to exist as a n  ion, gas, or liquid 

(tntiated water) In the soil solution system mvestigated, tntium can travel rapidly at about 

the same velocity as the soil water or groundwater 

5.5.17 Uranium 

The stability diagram of uranium solids presented by Ames and Rai (1978) m terms 

of the uranyl ion activlty is shown in Figure J 11 Thermodynamic data for (1)  Na2U0, and 

UO,CO, were obtained from Garrels and Chnst (19651, (2) data for UO,(OH),, 

UO,(OH), H,O, and Na,UO,(CO,), were obtained from Sillen and Martell (19641, and (31 the 

rernaming species were obtamed from Palei (1963) 
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